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Manganese and Extrapyramidal Disorders

{A Critical Review and Tribule to Dr, George C. Cotzias)

ANDRE BARBEAU

Depariment of Neurobivlogy: Institut de recherches cliniques de Montreal,
110 avenue des Pinx ouest, Monirbal, Que. Coneda

ABSTRACT: Inthis essay we first review the important contribu-

tions of Dr. George Cotzias to the undearstanding of chronic .

manganese intoxication and of manganese metabolism in man
and animals. We also indicate the original contribution of Dr,
John Donaidson (o the mechanism of the neuroloxicity of man-
ganese. In a second phase, the author challenges the tenet that
Ffarklnson's disease Is a form of chronic manganese intoxica-
ficn and thet manganism is an oxperimental model for Parkin-
son’s disease. Clinical, pathological, experimental and bio-
chemical evidence are brought to bear on this argument.
Thirdly the author proposes that the nocessary event lo the
so-called “depigmaentation” of the substantia nigra and subse-
quent bradykinetic “low dopamine” syndrome is an early
anhanced lurnover of dopamine. Manganese intoxication is
only one of the factors which ma Y serve as alriggerto this event.
Many others are also listed. in opposition to current views, who
look ftor causal tactors in Parkindon's disease along the path-
ways for melanogenesis, the author thus proposes a novel
hypothesis which envisions a variely of transient “trigger fac-
tors™ acting st the dopamine synapse to increase dopaming
turnover. In turn, this increased aynthesis of dopamine lavours
the production of large quantities of Iree radicals within the cell
bodles in the substentia nigra, evantually overflowing the sca-
venging capacity of neuromefanin and thelir protective barrier,
and causing cell death. The resuiting decreased pool of
dopsmiqa-produclng cells lesdstoa ssil-perpetuating situation
of over fncreasing demand on the remaining cells, and "pro-
gression” ol the disease, Finally the author stresses the fact that
genstic factors may play arolg in an individual’s susceptibility 1o
such rrlgqers. Again defeclive manganese transport, metabo-
fism or ‘bmdmg are only some of the mechanisins possibly
underilying such genetic predisposition to induced basal gan-
glia disorders. Further studies refating to manganese in these
disorders and pa rlicularly in Parkinson's disease should focus
not on the “intoxication” part of the overioad and its strigic-
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INTRODUCTION

The present Symposium is orgnmped
n memory of onc of the foremost medical
scientists of ourtime, a man better known
in the public for his practical accomp-
lishments in the treatment of Parkinson’s
discase, but one who shm.nld be remem-
bered by colleagues for his oul_standmg
contributions (o the underslanfhng ol the
role of trace metals in the brain, George
Cotzias personalized the very makc-up of
what a clinical scientist should be: first,
an astute clinician who can, not only look
al a variety of phenomena, but actually
see the inconsistancies and paradoxes of
the clinical picture and thus formulate
intelligent questions to bg answered;
second a sciersist who can imagine new
ways lo tackle the problem in experimen-
tal models, from simple, alt!ell orlglnal_.
working hypotheses; and third, a physi-
vian, who can leave the Iaboralo_ry, and
return with humanity to the patient, to
iry-out new therapeutic apprpaches based
on his results and observations. Ge_orgc
Colzias was deservant of first placein all
three parts of this trilogy.

From 1963 (o his death, bccapse of
my own rescarch, 1 had the occasion to
follow closely everything that George
published. As 1 will shortly demonstrate,
our paths crossed at a number of points,
and so occasionally did our swords, but
always with the friendship ol: respecl and
the finality of honesty. During many of
these exciting years, | had the plicasure of
having in my department an ex.lremely
brilliant and capable biochemist who
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day is our chairman, John Donald‘son.
!I?oge);her we rnllowcd_a pa_nh somelimes
parallel, sometimes quite different to that
of Dt. Cotzias, but it is the purpose of the
following presentation Lo illustrale how
our ideas were in fact convergent, the
end-result leading, we hope, to a bcu.er
understanding of cxtrapyramidal dis-
orders. Although you will find that my
personal interpretation of the facts to be
reviewed may differ from those of George
Cotzias, or even of John !Jon.aldson'. the
purpose of this presentation is Lo stimu-
late discussion, to challenge even wI]ell‘
abparenlly crilicizing._ George Colzu.is
friends will recognize in this his lavorite
method of conlrontation.

PART ONE:
A CONVERGENCE OF IDEAS

Cotzias and Manganese

Manganese, and its metabolism, was
George Cotzias® first and ceverlasting
leitmotivin research: from 1953, and wu‘lh
a variety of collaborators, he pur_sucd its
investigation systematically, convinced &
he was that in its mysteries lay the ?xpll-
nation for many of the clinical maml'cs‘u-
tions of extrapyramidal disorders. Firg
he studied the partition of manganesx
among organs and organ'cllcs. 1o demon

- strate its accumulation in l.hc liver and
particularly in mitochondria (Maynaﬂ
and Cotzias, 1955)and lhere.afler the hllgl
specificity of its pathway in man, will

absorption Lolally dependent on intake,
and homeosialism regulated almos
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entirely by the rate of excretion in the bile
and intestines (Borg and Colzias, 1958:
Cotziasand Greenough, 1958). In his first
review of the problems associated with
our understanding of manganese metabo-
lism {Cotzias, 1958}, Cotzias was able to
outline some of the inconsistencies and
questions that wil| challenge him and his
collaboralors for more than 20 years:
manganese is an essential nutrient, and is
apparently mainly involved in oxidation-
reduction processes. While deficiency
slates appear to manifest themselves with
ataxia, chronic poisoning isaccompanied
by extrapyramidal symptoms. It is at this
moment (1958) that Cotzias staled for the
first time that Parkinsonism may be a
Jornt of chronic manganism. With the
availability of ncutron activation analysis
a1 Brookhaven, Cotzias and his colleagucs
hed a powerful 100} for the study of this
problem{Papavasiliou and Cotzias, 1961;
Cotzias, Miller and Edwards, 1966) and
of the many interrelations between man-
gancse and other trace elements, particu-
larly magnesium, in normal and endocri-
nologically modificd states (Cotzias, 1960;
1961; Hughes and Cotzigs, 1961: Hughes,
Miller and Couzias, 1966). In this study,
the authors made one of their first crucial
and unexpected observations: while in
vilro manganese could alimost always
teplace magnesium, this was not at all the
case in vivo, Thisg dichotomy was recon-.
ciled by demonstrating that in vivo man-
ganese assumes valences higher than 2,
while magnesium does not. The living
01ganism appears (o be able 1o differen-
tiale between these states. Consonant
with this Properly is the behavior of radio
manganese within the body. Thus it was
found thas only manganese can displace
fadiomanganese and that manganese
turnover is totally dependent on intake,
ltsexcretion is almost entirely fecal, while
that of magnesium is through the kidney.
This meant that rhe pathway of manga.
nese through the body is highly Specific
and that, in some way, this important

element is sequestered from the others
(Cotzias, 1962; Hughes, Cotzias, and
Cronkite, 1962; Cotzias and Papavasi-
liou, 1964; Bertinchamps, Miller and
Cotzias, 1966).

Such observations incvitably led (o
the second scries of mAajor experiments:
the investigation of binding mechanisms
for manganese. The existence of more
than one chemical species of manganese
in the body was demonstrated {Cotzias
and Papavasiliou. 1962). A protein was
then discovered by Bertinchamps and
Cotzias (1959), in human plasma, which
binds manganese. I was called trans-
manganin, because, although a B,. glo-
bulin, it was fel 10 be diflerent from
transflerrin (the iron binding protein).
Furthermore, Borg and Colzias (1958a)
brought forward evidence which supports
the fact that mammalian and human red
cells have one or more porphyrins which
contain manganese instead of iron.

Colzias and collaborators (Cotyias
eral, 1961y had noted the clinical similari-
ties between the extrapyramidal symp-
toms caused by phenothiazines and those
of chronic manganese poisoning, and
investigated the effect of chlorpromazine
on manganese binding, It was shown
(Borg and Cotzias, 1958b) that P2z may
compete for manganese with tissue
ligands, thereby altering the distribution
oravailability of trace metals wilhincells.
CPZ specifically combined in vitro with
Mn*"* and this was quenched by EDTA.
A chromogenic reaction between phena-
thiazines and manganese was finally

shown to be due to the formation of a
semiquinone free radical ion in the
chromophore {Borg and Catzias, 196223,
1962b). It was hypothesized from extrap-
olations of these experiments that ae
important physiologic rote of cellular
Lrace metals like manganese, may be to
serve in the fuormaiion of the free radival
intermediates invalved in oxidative netg-
bolism (Cotzias and Borg, 1962).

This observation jed directly into the

RS
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third series of experiments. The aim of
these studies was to discover whether
manganese offered promise as a genera-
tor of lree radicals in some other system
of obvious biological signiflicance.
Melantin had been described as indeed
heing rich in {ree radicals. Hair, selected
on the basis of its colour, was lound to
contain increasing concentrations of {ree
rodicals with increasing darkness of the
specimens, Melanin was thus studied bio-
chemically, 1t was shown (Cotzias, Papa-
vusiliou and Miller, 1964} that dark struc-
tures of every individual examined con-
toined much higher concentrations of
manganese than did the white ones. In
view of this linding manganese was
assigned to the final, auto-oxidative sieps
of melanogenesis and a large series of
investigations, particularly with Borgand
Van Woert, led 1o Lhe conclusion that
melanosaomes, or specific cytoplasmic
organelles (Polymelanosomes), are to
melanocytes what mitochondria are to
non-pigmented celis: both contain large
concentrations of manganese and [ree
randicals (Prasad, Johnson and Cotzias,
1965; Van Woert, Nicholson and Cotzias,
1967).

In primates the greatest intensity of
pigmentation is in the substantia nigra
(Scherer, 1939). It is well known, of
course, Lhal severc depigmentation occurs
in the substantia nigra, in the locus coeru-
lueus and in the dorsal nucleus of the
vagus in Parkinson’s discase, but it is less

- well recognized that these areas are intact

in ulbinos (Foley and Baxter, 1958). The
cells of the substantia nigra appear to be
melanocytes and 1o contain [rec radicals
{Borg, 1974). Speciral studies of the pig-
ment of the subsiantia nigra led (o a bel-
ter understanding of the biochemistry of
ncuromelamin (Van Woerl, 1974, Van
Woert and Ambani, 1974). Thus no tyros-
inase is present in the substantia nigra.
On the other hand, dopamine is casily
auto-oxidized to form melanin. The
semiquinone (ree radical of mclanin can
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act asan electron acceptor, Finally, it was
shown that melanin is also reaclive with
several drugs, particularly phenothiazine
compounds. The link between manga-
nese, melanin, and the exirapyramidal
system had now been made, (Cotzias,
1966) and it was permissible to study the
metabolism of this trace element in a var-
icly of disorders of movement. This would
be the next, and most important, phase of
Dr. Cotzias's work.

The study of miners exposed to
chronic manganese overload was (he nat-
ural follow-up to these basic observa-
tions, particularly since many of the min-
ers presented with extrapyramidal symp-
toms. This was accomplished with the
cooperation of Chilean ncurologists
(Cotzias, Borg and Bertinchamps, 1960;
Mena er al, 1967, Cotzias es al, 1968). li
was shown that chronic manganese poi-
saning differs from Wilson’s discase.
Surprisingly tissue burdens of manganese
were found to be higher in “healthy” min-
ers than in ex-miners removed from the
mines because of their extrapyramidal
disease or mental changes (“locura man-
ganica"). These symptoms included
bradykinesia, postural dilficulties, prom-
incnt rigidity, some tremor and occasion-
ally significant dystonia. Turnover .o
radioaclive mangancse was significantly
faster in “healthy” cxposed miners thanin
the extrapyramidal patients or than in
control normal subjects. Hair mangancse
concenlration was only elevaled in the
“healthy™ cxposed miners. Thus these
observations demonstrated that manga-
nese overload was present only during
exposure and was not in paralle} to the
presence of extrapyramidal symptoms. i
is thus not necessary to maintain high
tissue levels uf manganese 1o have neure
logical disease. This capital, and unex-
pected, finding differentiated chronic
manganese poisoning from Wilson's dis-
ease and. as now predicled, chelating
agents were ol no value in treatment. |l
was thus necessary 10 turn to other poss
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ble theraneutic approaches,
Melanocyte-stimulating hormaone (f3-
MSH)is capable,inintegumental meian-
ocytes, of increasing melanin deposition
(Lerner, Shizume and Bunding, 1954).
This phenomenon is well-knownin frogs.
B-MSH can also reverse Lhe effects of
chlorpromazine (Krivoy and Guillemin,
1961). For these two reasons, 8-MSH
was tried in Parkinsonian patients in an

. effort o repigment the damaged substan-

tiamigra {Colzias, Van Woert and Schiller,
1967). Unfortunately the Parkinsonian
state was reversibly aggravated by the
administration of this hormone and this
approach was abandoned.

The L-Dopa Story

Al this stage in our slory it would be
of interest to abandon Cotzias and his
studies and to turn back a few years 1o my
own laboratory to understand the back-
ground flor the next important phase of
the Cotziassaga. As [ was completing my
post-graduate studiesin Monireal in 1956
and 1957, important developments were
occuring in the understanding of bio-
chemical events within the basal ganglia
of the brain. Carlsson er al. (1958), Bertler
and Rosengren (1959), as well as Sano
and cecllaborators (1959) had demon-
strated the presence of dopamine within
the brain, and particularly within the
basal ganglia. While training in neuro-
togy in Chicago in 1958, 1 had the plea-
sure of listening to Professor Carlsson
lecturing at a meeting in Washington. At
the time, | had been studying catechola-
mine excretion in various neurological
disorders, and had found abnormalities
in the urine of Parkinsonian patients
(Barbeau, 1961), After that leciure, |
decided Lo study the specific excretion of
dopamine in Parkinson's disease. n these
preliminary studies, as well as in more
detailed later investigations in ’rofessor
Sourkes’ laboratory in 1959 and 1960
{Barbeau, Murphy and Sourkes, 1961)
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we were able to clearly demonstrate a
significantly decreascd urinary excietion
of dopamine in Parkinson's disease. It is
of interest to note that while | was carry-
ing out these cxperiments, one of my
good (riends, also training at the Univer-
sity of Chicago, was Dr. Melvin Van
Woert, who was to play such an impor-
tant role in the study of melanin in Dr,
Colzias’laboratory and who, throughout
the years between 1959 and 1967, kept in
touch with me and my DOPA studies.
Althesametimeand independently,
Ehringer and Hornykiewicz (1960) re-
ported simitar dopamine deficits in the
brain of Parkinsonian patients, particu-
larly in the basal ganglia. It was thus nat-
ural for both our groups to attempt
replacement therapy with dopamine, but
this failed because of the blood-brain bar-
rierto dopamine itsell. We then turned to
the natural precursor: L-DOPA, (Bar-
beau, (96); Birkmayer and Hornykie-
wicz, 1961; Barbeau 1962), cither intra-
venously or orally; (ollowing the crucial
observations of Carlsson, Lindquist and
Magnusson (1957) who had demonsirated
that L-DOPA could reverse the extrapy-
ramidal symptoms induced by reserpine.
Asis well-known, these early experiments
in Parkinson's disease were successful
and the physiological reversal of rigidity
and akinesia in Parkinson's discase was
clearly demonstrated. Although two sim-
ilar studies were subsequently negative
(McGeer and Zeldowicz, 1964, Fehling
1966), by 1968 the bulk of 32 publications
were supportive of these findings (Bar-
beau, 1969). 1 had 1he privilege 1o present
our own results with L-DOPA in Brook-
haven, in 1r. Cotzias' department, on
two occasions, in 1963 and 1966, and 1o
discuss with him the therapeutic potential
of this approach, which was then ex-
tremely expensive, By the second visit to
Long Island, Dr. Cotzins had ‘just com-
pleted his 8-MS U studies and was postu-
lating that the hormone was shilling
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{YOPA, the precursor of melanins and
biogenic amines, from the brain to the
integument. He was then altempling to
treat Parkinsonian patients with progres:
sively higher dosages of DL-DOPA.
This stepwise, gradual, titration of
1.-DOPA 1o very highlevels, based onthe
biochemist approach 1o enzyme satura-
tion, was the genial contribution of Cot-
zias and the key to the therapy of Parkin-
son’s disease (Cotzias, Yan Woert and
Schiffer, 1967). The subsequent story of
L-DOPA therapy, of its use in manga-
nism, of its complications, of the improve-
ments with DOPA decarboxylase inhibi-
tors and dopa analogs, and the seminal
role played by Colzias and his collabora-
tors in its development (Cotzias, Papava-
siliou and Gellene, 1969, Cotziag, 1969,
Mecna et al, 1970; Cotzias er al, 1970; Cot-
rtas et al, 1971) are well-known and have
been detailed by me ina number of publi-
calions (Barbeau, 1969; Barbeau, 1976;
Barbeau and Roy, 1976). | will therefore
not review them here excepl to again
stress their importance. However, it
should be noted that the Brookhaven
group was instrumental in demonstrating
the important link existing between bio-
genic amings and manganese {Papavasi-
liou et af. 1975). This link could be 3.5
cyclic AMP. In sequential analyses, the
authors demonstraled also significant
correlations between levodopa-induced-
dopamine dyskinesia and the concentra-
tion of dopamine and manganesc. By
studying a genetically abnormal species
‘of mice, pallid, they showed that trans-
portation of manganese and of L-DOPA
was slower in these animals, and they
demonstrated a remarkable resistance to
the effects of orally or intraperitoneally
administered L-DOPA (Cotzias et al,
1972). The maturation and function of
the dopamine apparatus may thus be
manganese dependent, Furthermore,
genetically controlled metabolic predis-
positions (like in the pallid mouse) must
be coupled with znvironmental factars
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before respective diseases can be induced.

Donaldson and Mangsnese

A third convergent series of experi-
ments bearing on the present symposium
must now be recounted, since they con-
tribute new and important facts to the
ideas we want to discuss. From 1968 to
1974, | was (ortunate 10 have as a colla-
borator in my department, our chairman,
Dr. John Donaldson. From the start, we
decided 1hat his field of reseavch would be
the study of trace metals in neurological
disorders. The basis for this decision was
a study we had just completed which con-
firmed the link between trace melals,
phenolhiazines and catecholamines first
postulated by Cotzias and his group
(Barbeau, 1968). Qur first studies con-
cerned the inhibition of NA'-K'-ATPase
by different divalent cations and the pro-
duction of convulsions or abnormal
behaviors in animals receiving these metals
intraventricularly (Donaldson et al, 1971;
1972, lzumi, Donaldson and Barbeau,
1973). This behavior resembled the eifect
of ouabain and enabled us to developa
working and reproducible model of epi-
lepsy. (Donaldson, Minnich and Barbeau,
1972). We then used this model to 1est the
role of certain trace metals (particularly
zinc) and aminoacids in modilying this
behavior (lzumi er af, 1973a, 1973b,
1973c). Taurine was lound to be extremely
effective in suppressing seizures {Barbeau
and Donaldson, 1973; Tsukada er al
1974; Barbeau and Donaldson, 1974).

Zinc was nol the only metal of inter-
est 1o us. After determining in detail the
distribution of various trace elements in
rat brain regions (Donaldson, e1 al, 1973a),
we studied the interaction of such ele-
menls upon cerebral monoamines (Bar-
bcau et al, 1972, Donaldson er al, 1973b;
Donaldson ef al, 1974), demonstrating in

. passing that a deficiency in magnesium

was generally accompanied by a brain
dopamine delicit. Al Lthe time John
Donaldson left us, we had just turned our

. —M
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attention 10 mangancse and ils possible

vole in neurology and endoctinolagy, on

the basis of the specific accumulation
noted by him (Donaldson e g/, 1973a) in
the corpus striatum and in the hypotha-
lamus. Injection of manganese into one
caudate nucleus in rats resulied in 8 pre-
dominant ipsitateral turning behavior. At
higher doses there were inlermittent,
alternating and dosc-related contralateral
turning resembling dyslonia, and the
production of stereotypies, Finally, bilat-
eral injections produced severe brady-
kinesia (Inoue, Tsukada and Barbeau,
1975). The extremely high concentration
of manganese in the median eminence of
the hypothalamus led us to study the
interaction between manganese and dopa-
mine through its effect upon prolactin
secretion. We clearly demonstrated that
intraventricular manganese injections
produced a dose dependent release of
prolactin (Barbeau, Inoue and Cloutier,
1976). .
Recently, John Donaldson, now in
another laboratory, has pursued these
leads in a series of extremely stimulating
experiments, where he postulates that the
possible basis for manganese ncurotoxic-
ity may be the enhanced autoxidation of
dopamine by a higher valency manganese
ion, with increased generation of free rad-
icals and cytotoxicity (Donaldson, La
Bella and Gesser, 1980; Donaldson, 1981).
This hypothesis is suppornied in pant by
the studies of Graham and collaborators
(Graham, 1978; Graham et al, 1978)
demonstirating that manganesc favors
oxidation of dopamine to the corres-
ponding semiguinone hy Mn'", a reac-
tion which would be followed by auvtox-
Wation. In more tecent studies to be
reported. Donaldson, McGregor and La
Bella (unpublished) demonstrated almost
complete abolition of lipid peroxidation
in the striatum in acule manganese neu-
rointoxication, thus a reduction of free
radical activity, manganese being an
elfective free radical scaveager, either in

its Mn" Torm or in complexes such as
superoxide dismutase (Kono, Takahashi
and Asada, 1976; Archibald and Frido-
vich, 198!). It was thus postulated that
endogenous manganese, inits Ma' form,
is normally a scavenger of free radicals
and thus a homevstatically controlled
protector of the cells. Yn certain areas
with high concentrations of HyO; and of
oxidative enzymes like peroxidase, such
as the substantia nigra {Cote and Fahn,
1979, Ambani, Van Waert and Murphy,
1975), peroxidase favours the oxidation
of Mn"' to higher valency Mn'" or Mn""'
forms {Kenten and Maun, 1950). These
forms, as shown above, favor the autox-
idation of dopamine o semiguinone and
the production of t1oxic free radicals
{OH’, hydroxy! cadicals). They, and the
powerful oxidant Ma'"", would be highly
Loxic to the cells where they are concen-
trated. Melanin containing cells appear
to be the ideal miliev for suchinteractions
because of their neurolransmitter and
free radical make-up.

Conclusions

Following three different pathways,
Coizias, Donaldson and Barbeav have
thus indicaled that a relationship exists
between manganese, catecholamines and
extrapyramidal disorders. This observa-
tion is of utmost importance and is the
major justification for the present sympo-
sium. However, despile the interest of
these studies, there persisis a great deal of
confusion about the spontancous extrap-
yramidal disease that manganese ncu-
rointoxication should be a model of: is it
Parkinson’s disease, or dystonia, or buth?
In the second part of this review we will
address this most crucial point.

1: 15 MANGANESE
INTOXICATION A MODEL OF
PARKINSON'S DISEASE?

Almost all previous avthors, includ-
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ing George Colzias (Colzias, 1958) have
procecded on the assumptionthat chronic
manganese intoxication is indeed a form
of Parkinsonism, despite normal levels of
manganese in alfected miners. From this
assumplion, the next theoretical step was
casily 1aken, and it was soon proclaimed
by some thal manganese intoxication is a
model of Parkinson's disease, and possi-
bly even the cause of that disorder,
There is indeed an impressive array
of facts and observations favouring such
interpretations, but we would now like to
challenge this conclusion on the basis of a
critical review of the clinical, pathologi-
cal, biochemical and therapeutic evidence
presented in the literature. By so doing,
we hope to generate new and innovative
ideas for further research on the proper
place of manganesc in the pathogenesis of
cxtrapyramidal disorders,

Clinical Evidence

The elfects of chronic manganese
intoxication in man have been known
since Lhe studies of Couper in 1837

- {Couper 1837a.,b) and have been des-

cribed in many countries: Morocco, Chile,
Cuba, India and the United States in par-
ticular. The clinical description is fairly
uniform for the symplomatology in min-
¢rs who are exposed to manganese dust
inhalation, and has been reviewed in a
multitude of papers and overviews
(Casamajor, 1913; Scelert, 1913; Edsall,
Wilbur and Drinker, 1919; von Qettin-
gen, 1935; Rodier, 1950; Boyer and Rod-
‘ier, 1954; Pefalver, 1955; Rodier 1955;
Pchalver 1957; Cotzias, 1958; Murphy
and Abbona, 1959; Cotzias, 1962; Wyn-
ter, 1962; Whitlock, Amuso and Bitten-
bender, 1966; Balani e/ af, 1967; Mena er
al, 1967, Cotzias et al, 1968; Leach and
Liiburn, 1978). Industrial manganese
contamination, as particularly observed
in the United States, is slightly different in
presentation (Tanaka and Licben, 1969:
- Greenhouse, 1971, Cook, Fahn and Brait,
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1974). In both groups faligue, somno-
lence, postural instability {particularly in
the form of retropulsion and *démarche
en pied de coq ™). salivation, masked facies,
bradykinesia and some mild rigidity are
present. The differences reside in the
absence of psychiatric prodroma (the
“locura manganica™)in industrial chronic
manganese intoxication and the much
more frequent dystonia in miners intoxi-
cated by manganese dust inhalation.

In 1973, 1 was lortunate enough to
visit Andacollo and the Corral Quemado
Mines in Northern Chile with Dr. Jaime
Court and to examine 10 patients suffer-
ing lrom the neurological complications
of chronic manganese intoxication. These
10 patients are among the 13 studied in
deteil by Mena er.al, (1970). Our exami-
nation, allowing for aging of the patients,
confirms the observations made by these
authors in 1967. However in studying
further the “clumsiness in movements®
and “increased tones"”, we were able to
show that all 10 patients had increasing
stiffness, Lo the point of blocking, with
repeated movements. This appeared to be
due to an inability lo allernate contrac-
tion and decontraction in the opposing
groups of muscles required for the spe-
cific repetitive movement. Further efforts
always produced a dystonic posture of
the limb, often accompanied by painful
cramps (as in “writers cramps™}. This att-
tudinal hypertonia had a iendency to
decrease, or disappear, in the supine posi-
tion and 10 increase in orthostation. The
hypokincsia, certainly present in most of
the patients, was not of the slow initiation
type usual in Parkinson’s disease, bw
resembled much more a positive blocking
phenomenon, once repelitive movements
were attempted. Moreover, in every one
of the 10 patiemts, we could demonstrate
at some point in time the “demarche en
pied de coy™ described by Seelert (1913).
The patient uses small steps, but has a
tendency toclevate the heels and to rotate
them outward. He progresses withoul
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pressing on the Nat of his feet, but only
upen the metatarso-phalangeal articula-
tions, mainly of the fourth and fifih toes,
This posture may be absent upon inilia-
tion of walking, but it cventually appeared
alter a certain distance in every patient,
unless he frequently stopped for rest.

Thus, our own personal observations
in 10 cases of chronic manganese intoxi-
cation in chilean miners clearly indicate
that some form of dystonia is an almost
obligatory feature of the discase. It is our
impression that reference to parkinson-
ism in such a sitvation is only valid if a
comparison is made to post-cncephalitic
parkinsonism {as seen mAny years ago}
but not to idiopathic PParkinson's disease.
Marcover, the tremor observed in some
of the patients is quite different from that
seen in Parkinson's disease, It has much
more of an attitudinal or Mlapping quality
resembling that seen in Wilson's disease,
or for that matter, in dystonia musculo-
rum deformans (Johnson, Schwartz and
Barbeau, 1962). However, cases of man-
gancse intoxication from industrial expo-
sure seem 10 be milder in presentation
and much closer to idiopathic Parkin-
son's disease, particularly as far as the
bradykinesia is concerned (Cook, Fahn
and Brait, 1974).

fn summary, the clinical evidence
cannol be used to claim that chronic
mangancse intoxication is a form of Par-
kinsonism, except in the sense of the post-
encephalitic \model. It would be more
accurate to statc that this entity isa model
of extrapyramidal brad (ykinesia (what we
and Hornykiewicz elsewhere have called
the “low dopamine syndrome™) accom-
panied by a dystonic syndrome of a siria-
tal narure. The appearance of this second
syndrome appears (o be related to the
intensity of the exposure to manganese
dust, particularly by inhalation, whereas
the appearance of bradykinesia is maore a
factor of the duration of exposure, or
perhaps more accurately, of the lengrh of
time elapsed since FXpOsSure 10 a manga-
nese load,

H

Pathological Evidence

As is well known, the classical ind-
ings in Parkinson's discasc are a depig-
mentation and loss of cells in the substan-
tia nigra, locus coeruleus and dorsal
nucleus of the vagus, often with the pres-
ence of inclusions called Lewy bodies,
with litile or no damage to the striatum or
pallidum (Alvord er af 1974), The first
description of the pathology of manga-
nese poisening is due 10 Casamajor in
1913, but Ashizawa (1927) was the first to
properly describe the brain changes. He
particularly emphasized the pallidal de-
gencration. Further studies were carried
out by Flimzer (1931); Canavan, Cobh
and Drinker (1914); Trendiel (1936); Voss
(1939); Parnitzke and Peiffer (1954) and
more recently by Bernheimereraf (197)),
All authors found lesions evident in the
pallidum, caudate nucleus and putamen,
Only the latter authors reported depig-
memation and cell damage in the sub-
stantia nigra. Thus a review of the
accumulated pathological evidence indi-
cates that the pallidum-subthalamic nu-
cleus system may be preferentially dam-
aged in manganese encephalopaihy,
Caudate nucleus and putamen are also
constantly and severely involved. Inval-
vement of the substantia nigra is proba-
ble, but is less well documented.

In summary, the pathological evi-
dence is compatible with the clinical
dichotomy and underlies t1he clinical
admixture of dystonia and bradykinesia.
This is not the classical pathology of idio-
pathic Parkinson's disease. Some would
callita “Parkinson-Plus” or more exactly
a Multi-System discase of the brain which,
incidentally, encroaches upon the sub-
stentia nigra.

Experimental Evidence

The experimenial production of
animal models of 1his disease conflirms
the same overall conclusions, The first
cxperimental attempts at chronic man-
gancse poisoning date from Kobert (1906)
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in rabbits and von Jaksch (1907} in dogs,
but both were unsuccessful. Lewy and
Tielenback (1921) administered powdered
brownslone Lo rabbits over 3 months and
observed abnormal postures. Mella (1923)
injected manganese chioride i.p. to mon-
keys over |8 months and produced
remarkable extrapyramidal symploms of
chorcoathetosis foliowed by tremor, rig-
idity and extension of the fingers. At
autopsy, the purarmen and caqudate showed
widespread lesions. Grdnstein and Pop-
owa {1929) administered chronically 2 to
3 g. of manganesc dioxide lo rabbits and
observed severe lesions in the corpus siri-
arum, involving mainly the small cells.
‘There was also marked glial cell prolifera-
tion in the same regions. Van Bogaert and
Dallemagne (1943) carried out an exten-
sive study of monkey brain poisoned with
manganese. They were the first to use
inhalation of manganese dioxide and
were able 1o observe alternate extension
and flexion of the upper limbs with
spreading of the Nhingers and toes. The
authors did nol, however, observe a sys-
temalic atrophy of the pallidum, or of the
striatum. There was some atrophy of the
cerebellum and a diffuse atrophy of the
grcy matter of the anterior horns,

More recently Pentschew and colla-
borators (Pentschew, 1963; Pentschew,
Ebner and Kovatch, 1963) gave a com-
plete and detailed description of the neu-
ropathology in monkeys inloxica!ed with
manganese dioxide suspended in olive
oil. Clear-cut dysfunctions of the extrap-

. yramidal system, including dystonic pos-
lures, were seen and, al autopsy, the most
severe lesions were in-the pallidum and
subthalamic nucleus. These lesions were
said to be identical to those reporied in
the 3 cases of human manganese inloxica-
tion known to that date, and to involve
mainly the pallidum. )

Saxena (1967)and Chandra and Sri-
vaslava (1970) used manganese chloride
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i.p. daily in rats fora perioq of {80 days.
Neuropathological examination per-
formed at various intervals showed scat-
lered neuronal degeneration in the cere-
bral and cerebellar cortex at 120 days
which increased in intensity up 10 180
days. The extent of the brain lesions was
directly related to the amount of manga-
nese in the brain tissue which increase.d
with time. In these rats the basal ganglia
did not reveal any pathological change.

It is of interest 10 note that Chandra
and Tandon (1973) have shown that a
deficiency in iron in rat Icads' lo an
increased accumulation and toxicity of
mangancse in the liver, kidney and testes.
Histopathological changes were more
pronounced in the liver and kidneys of
iron deficienl rats as compared to the
findings in rats kept on a normal iron-
conltaining diet. Finally Gupta, Murll:ly
and Chandra (1980) demonslra!cd in
monkeys muscular weak ness and rigidity
of the lower limbs after 18 months expo-
sure 1o manganese chloride. For the fi.rsl
time, marked neuronal degenceration w‘nh
gliosis, neuronal loss and dcpigmcntauqn
was noticed in the region of the substantia
nigra. Neuromelanin in some cells was
scanty when compared with normal pig-
menied cells and was displaced towards
the periphery. The amount of manganese
administered produced significant in-
creases in the levels of the metal in the
brain of these monkeys.

In sununary, \he experimental pro-
duction of manganese intoxication in
animals results in lesions that are much
more diffuse than in Parkinson's diseas;.
Although low dose chronic injcclion.s in
primates can produce substantia nigra
lesions, the damage is usually not con-
fined to the brain stem, but can involve
the striatum, the pallidum and even the
cortex. Thus again we cannot say tha
manganese poisoning is 8 model of classi-
cal Parkinson’s disease,
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Biochemical Evidence: Behaviour of

Manganese

Progress in this field has been directly
parallel to the ‘availability of exact
methods of measurement of the trace
quantities of manganese present in body
Muids and tissues: neutron activation
analysis ( Papavasilioy and Cotzias, 1961;
Cotzias, Miller and Edwards, 1966);
atomic absorption Spectroscopy (Suzuki
and Wacker, 1974) and mass spectromet-
ric identification (Hui, Davis and Boul-
ton, 1979). A 2d-hour rhythm in serum
manganese levels was cven demonsirated
in rat (Schewing et of, 1968). In monkeys,
Dastur, Manghani and Raghavendran

1971) studied the distribution and fate of

Mn. They showed tha tdifferent organs,
and different parts of the nervous system,
behaved awtonomously. The lentiform
nucleus and cerebelluny: exhibited marked
relative retention in comparison to most
viscera. It was suggested that the selective
vulnerability of the brain in manganese
miners might result from this inability on
lheparloflthNSlodischargclhe Mn
with time. However, Bull (1978) observed
a paradoxical decrease in corpus siriagtum
manganesc concentrations afler a man-
ganeseload (MnCilzin drinking waler) for
6 months.

We should recall the seminal obser-
vations of Cotzias and his group(Colzias,
Borg and Bertinchamps, 1960; Mena er
al. 1967; Cotzias es al, 1968; Papavasiliou
el al, 1975) who clearly showed an
increased turnover of *Mp in “healthy
¢xposed miners, but an apparenily nor-
mal load in chronically affected miners
removed from the mines. [t wouyld thus be
of great interest to study actual manga-
nese content inthe brain of miners and in
those of patients with Parkinson’s dig-
easc. Unforiunately such observations
dre cxlremely rare. Larsen e al (1979)
recently studicd the topographical distri-
bution of manganese and other metals in

' aormal human brain by neutron activa-

n

tion analysis with radiochemical separa-
tion, Manganesc seems 1o be associated
with the dry matter of the brain. The dis.
tribution of manganese in the basal gan-
glia (with higher concentrations in the
nucleus caudatus, globus pallidus and
putamen than in the thatamus and sih-
stantia nigra) was consistently found des-
pite some variations in absolute concen-
trations. This distribution confirms the
findings which we had reported using
atomicabsorption spectroscopy (Barbeau,
Inoue and Cloutier, 1976). The same
group of authors (Larsen ef al, 1981}
recently studied manganese and selenium
in two cases of Parkinson's disease. There
were no obvious differences in the overall
concentrations ol these trace meta Is from
the normal control group. Even multivar-
iate data analysis lailed to reveal any sig-
nificant difference in the distribution
patiern of manganese and sclenium in
Parkinson's disease compared 1o normal
controls, Similar negative resulis con-
Cerning manganese were found by us
(Barbeavand Cloutier, 1975, unpublished)
in 3 cases of Parkinson's disease. These
cases were not reported because we are
still lacking Proper age-matched and sex-
matched normal controls.

On the other hand, elevaled manga-
nese concentrations have been found in
Sotme cxperimental and humen condi-
tions characterized by extrapyramidal
symploms: Bird and collaborators (Bird,
Grant and Eljs, 1967; Bird er al, 1969)
found increased manganese levels in the
putamen and caudate nucleus of rhesus
monkeys after phenothiazine Ireatments
which produced dystonias, athetosis and
some rigidity. Chronic administration of
chlorpromazine resulted in increased lev-
¢ls of manganese in the caudate nucleus
and cerebellar hemispheres in Buinea pigs
{Weiner, Nausieda and Klawans, 1977).
These authors raised the possibility tha
tardive dyskinesia may somewhat be
related 10 a mangancse-dopamine inter-
action. Ina Jater study (Weiner, Nausieda
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nd Klawans, 1978), they showed that
hronic administration of a levodopa-
arbidopa combination, of bromocrip-
e or of lergotrile produced significantly
nereased concentrations of manganesein
‘Il brain arcas, with decreased copper
ancentrations. It is well known, of course,
hat chronic administration of these drugs
an produce a varicty of extrapyramidal
vanifestations. Recently, Banta and
Aarkesberry (1977), described a patient
vith Alzheimer dementia and extrapy-
amidal signs (cogwheel rigidity, ﬂex:ion
wsturing, bradykinesia, retropulsion,
nasked facies) who had markediy ele-
‘ated levels of manganese in serum, hair,
irine, feces and brain.

I summary, the evidence gathered
‘rom the determination of manganese
‘tvels and turnover rates in brain and
hody Nuids in idiopathic Parkinson’s dis-
‘ase does not support the idea that sucha
liscase is accompanied by chronically
“fevared manganese concentrations; Nor
< this the case in experimental models. In
‘ich models, when manganese concen-
'ration is high, hyperkinetic rather than
"ypokinetic symptoms are present. How-
‘ver, it would be worthwhile to gather
much more information on this point
through the use of hair and blood deter-
minations of manganese (Laker, 1982)in
v large number of well-defined extrapy-
ramidal disorders and age-matched nor-
mal controls,

#iochemical Evidence: The Behaviour of
Calecholamines

One of the polent argumenis in favour
of the similarity between Parkinson’s dis-
case and chronic manganese intoxication
has been the interaction noted between
this metal and catecholamines and the
biochemical resemblance of the depa-
mine depletion. This has been studied by
a number of authors since Papavasiliou,
Miller and Cotzias (| 968}demonst‘raled_a
functional interaction between biogenic
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amines, cyclic AMP and manganese. The
following year, Nefl, Barrett and_Cosla
(1969) showed a selective depletion of
caudate nucleus dopamine and serolonin
during chronic manganese dioxide admin-
istration to squirrel monkcys'(Mn (0]
ground in a mortar with olive oil added).
Norepinephrine concentrations were not
affected. Mustafa and Chandra (1971)
confirmed the dopamine deficit in inocu-
lated sabbils, but they reported nermal
levels of serotonin and decreased concen-
trations of norepinephrine. Pursuing these
leads, Prasad (1974) demonstrated thal
excess ol manganese may markedly rcduFe
the intracellular level of cAMP by inhibit-
ing adenylate cyclase activily_a!:d stimu-
lating phosphodiesterase activity, Man-
ganese, when incorporated, appcars o
bind to ATP and to displace catecholam-
ines in chromaflfin granules {Daniels,
Johnson and Williams 1979). Bonillaand
Diez-Ewald (1974) then showed that rats
chronically treated with a high oral ioad
of MnClz have decreased concentrations
of dopamine and HYA in the brain. A
return 10 normal values was observed
aflter L-DOPA injections. This suggested
that the disturbance could be at the L-
Tyrosine hydroxylase step{Bonilla, I9?4).
However, not every author could confirm
these reports. Bull (1978) lailed to ﬁnq a
decrease in corpus striatum dopamine
afler a manganese load, using a protocole
similar lo that of Bonilla and Diez-Ewald
(1974). Kimura, Yagiand Ilokawa(l?'fs)
found lower serotonin concentrations
alter subacute manganese {eeding in
Wislar rats. They also reported lower
values of L-aromatic amino acid decar-
boxylase activity. Manganese levels were
elevated in tissues and this was accom-
panied by lower magnesium and calcium
levels in the brainstem, .
In further studics, Bonilla and his
collaboralors {Bonilla, 1978; 1980; Mar-
tincz and Bonilla, 1981) reported an
increased GABA content in the caudale
nucleus of rats; values for L-Tyrosine

.
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hydroxylase in neostriatum, midbrain and
hippocampus, were elevated for the first 3
manths of manganese intoxication, then
decreased significantly in the neostriatum

but not in the other regions studied. Ace-

tylcholinestrase activity diminished in the
caudate nucleus only in the 8th month of
intoxication but was not altered in any
other region. Ifowever, Deskin, Bursian
and Edens (1980) showed in virro that the
addition of manganese 1o brain prepara-
tions had no direct effect on tyrosine
hydroxylase activity and that manganese
does not compete with other physiologi-
cally important divalent cations 1o cause
the reduction in tyrosine hydroxylase
activity. seen in vivo after chronic
exposure.

These observations lead to crucial
experiments by Shukla and Chandra
(1981} and by Lai and collaborators
{1982). The first authors investigated the
Wrnover rate of striatal dopamine after
the daily oral administration of Mn
Clz.4H20 for 30 days. The turnover rate
of siriatal dopamine, as determined by
the administration of a-methyl-p-tyrosine
and measurement of HV A, increased sig-
nificendy in the early phase of manganese
intoxication in rats. Similarly Lai et af
(1982} observed a decrease in the uplake
of dopamine in rats by hypothalamic
Synaptosomes. This decrease was age-
dependent for it disappeared after 100
days of manganese treatment, These most
important observations recall similas
evidence lor peripheral increases in dopa-
mine {urnover in the carly phases of
buman l"arkinson's disease which we had
previously published (Barbeau, 1968;
Barbeau and Trombitas, 1969; Montplai-
sirand Barbeau, 1969}). In further exper-
iments (Lai, Leung and Lim, 1981, 1982,
Lai er o/, 1981; Leung, Lai and Lim,
1981), it was shown that life-long expo-
sure lo high manganese levels appearcd to
abolish the age-related decreases n ace-
tylcholinesterase, in glutamic acid decar-
boxylase, in NAD-linked isocitric dehy- .

drogenaseand incholine acetyl translerase
activities, [f these important findings can
be confirmed by athers, the role of man-
gancse inthe prevention of aging changes
will have to be considered seriously,

In summary, experimental chronic
manganesc poisoning appears to be
accompanied by decreases in the concen-
tration of dopamine in the caudate
nuctcus, but this scems (o be age and spe-
cies dependent. No direct correlation has
yet been made with the state of pigmenta-
tion of the substantia nigra.

Conclusions

The accumulated evidence reviewed
above, be it clinical, pathological, exper-
imental or biochemical, indicates that
Parkinson's discase in its idiopathic form,
and chronic manganese intoxication, gre
not identical entities. Statements such as
“Parkinson’s disease is a form of chronic
manganese poisoning” are therefore no
longer valid. High Mangancse concentra-
tions in the striatum are associated with
cxtrapyramidal dyskinesias of the hvper.
kineric type. Only the bradykinesia of low
level chronic manganese intoxication, with
its accompanying low siriatal dopamine
concentration and substantia nigra depig-
mentation, can be correlated with what is
scen in Parkinson's disease. But i should
always be remembered that this brady-
kinesia is only one parr, and not the most
important one, of the clinical picture of

chronic manganism, which is a much
more complex multi-systerm disease.

Nevertheless the numerous similari-
ties are still intriguing. Manganese could

still play a role in Parkinson’s discase.
This is what we will analyze in the third
part of this essay.

1. WHAT IS THE ROLE OF
MANGANESE IN PARKINSON'S
DISEASE?

In the above two parts we reviewed
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he three dilferent pathways followed by
‘olzias, Donaldson and Barbeau 10 reach
1 very similar general conclusion: that
‘manganese has a role 1o play in the
mathogenesis of some extrapyramidal
lisorders. Most of the landmark observa-
“iens and experiments have been made by
“iearge Coltzias and his collaborators,
while John Donaldson improved our
understanding of the mode of action of
manganese with his demonstration of the
lacilitation by this trace element of the

wutoxidation of dopamine and the en-

hanced production of free radicals, which
‘in increase in manganese valency can
{acilitate. Unfortunately my own contri-
bution is mare esoteric, with a direct chal-
lenge at the basic tenet of the previous
nublications: that parkinsonism is a form
af chronic manganese poisoning. The
vvidence, as reviewed by me, indicates
rather that the clinical picture of acute
and sub-acute manganese intoxication is
more akintodystonia than to parkinson-
n rigidity. The observed pathology in
the striatum and pallidum is mainly com-
patible with the clinical picture of hyper-
kinetic dyskinesia, Finally, the cxperi-
mental feeding of manganese o rats and
monkeys results in dyskinesia and patho-
lugical lesicns in the striatum and palli-
dum, lesions which arc not usuatly
cucountered in Parkinson's disease, On
the other hand. there remains one very
important similarity belween the two
cntities: the substantia nigra can be
depigmenied and dopamine concentra-
tions in the striatum can be decreased
when exposure to manganese is of long
duration. Why then is there still conflu-
sion about the role of manganese in basal
ganglia diseases? In the follawing pages, |
will express my own interpretation of the
above noted facts and obscrvations.

A Few Wrong Assumptions:

I. The term “basal ganglia” is not
always utilized in its proper connotation,
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It should never be used as reflecting &
homogeneous nucleus. Disorders where
the lesion is in the caudate nucleus are not
necessarily Lthe same as those alfecting the
patlidum or the substantia nigra. This tru-
ism is unfortunately too often neglected
by non-clinical scientists. [)ystoni{i mus-
culorum deformans, Wilson’s discase,
Hunlington's chorea and Parkinson's
discascare all disorders of the “basal ga n-
glia™, but their clinical presentation is
quite different, It would thus be very
improbable for one animal cxperlrln':ntal
model 1o represent all of these entities at
once.

2. The substantia nigra “depigmen-
fation”is often though of as representing
a decrease in the pigmentalion ol cells
within that nucleus. In fact, this paller
appearance results fromdeath of a number
of cells with loss of their melanin pig:
ments. These are relcased outside the
remnants of the cell and phagocytosed by
glial cells who carry them to neighbour-
ing capillaries. Onc must therelore search
for the cause of cell death or [ragility
rather than try 10 unravel phenomena
which would “demelanize™ the substantia
nigra cells, It seems to me that the loss of
the pigmented cells precedes the decrease
in striatal dopamine and not that some
defect in dopamine synthesis results in
incomplete melanogencsis (along the
model of what occurs to tyrosinase in
albinism in the integuments}. Il that is so,
one should study the role of melanin pig-
ments in the homeostatism of these spe-
-cialized cells and investigate what happems
1o his homeostatism in aging, in I'arkin-
son's disease and in chronic manganese
poisoning. That dopamine is important
in mclanogenesis cannot be denied
{Garcia-Carmona es al, 1981); that it is
the ncurotransmitter most affected o
manganese intoxication is also a fad
(Cotzias er al 1976). What is still vncer-
tain, is the sequence in which such events
occur. Determining that sequence is of

MANGANESE AND EXTRAPYAAMIDAL DISORDERS

the utmost importance to understanding
the role of mangancse in basal ganglia
diseases.

Some Important Deauclluns

V. The role of melanin, Contrary to
lipofuscin, neuromelanin in substantia
nigra, tocus coeruleus and dorsal nucleus
of the vagus is not an aging pigment. It is
a homeosiatic regulator of free radicals.
In other words it protects certain special-
ized cells from the accumulation within
their inner space of toxic substances, like
free radicals, by scavenging them. Other-
wise the cell membranes, or more proba-
bly the organelle membranes, would he
damaged, leading 1o cell death. This
occurs mainly in celis which produce
catecholamines (dopatnine and noradren-
aline), because these are (he neurotrans-
mitters most susceptible to autoxidation.
Neuromelanin is thus a coniroller, or
regulator, of dopamine cell growth and
maintenance. Neuromelanin &ccumnula-
tion increases with phylogeny and is most
important in primales where the dopa-
mine pathways are most active. In this
context, “activity” means turnover rale'as
much as spread of the network, When-
ever lurnover rate {“activity™) of dopa-
mine exceeds the capacity of the melanin
pigments to scavenge the free radicals
produced from dopamine, these toxic
substances accumulate within the cells
and damage their energy mechanism and
their structure. Cell death may result and
then phagocytosis of the abandoned pig-
ments. In my view, therefore, neureme-
laninisa necessary protector of substan-
lia nigra cells. Because of the very nature
of these products, it is only when onc
“overloads” the protective mechanisms of
the cells that disease results, not when the
pigment itself is sick.

2. Consequence of nigral "depigmen-
{ation™ when substaniia nigra cells die
ind lose their melanin pigments, the
nigro-siriatal fibers originating from that
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nucleus and reaching the striatum also
disappear. Since dopamine is produced in
these cells and liberated in the caudate
and putamen, there results a decrease in
the concentration of dopamine in the
striatum. Clinically the manifestation of
this “low dopamine syndrome™ is brady-
kinesia, This symptom cannot be equaled
te Parkinson's discase. It is part of that
disorder, but it is also present in other
entities: Shy-Drager, some olive-ponto-
cerebellar atrophies, and chronic manga-
nism, particularly afier long exposure. A
no time does such g sequence of events
resultin the pathological lesions observed
in the striatum and pallidum in manga-
nese poisoning. Other events must ex plain
these lesions. :

3. The lesions in the strio-pallicduns:
these lesions are the only ones that can
explain the hyperkinetic dyskinesias
observed in manganese intoxication. For
some rcason, (race elements tend to
Accumulate within these nuclei. This is
true for iron in Hallervarden-Sparz dis-
casc and for copperin Wilson's disease. It
is also a fact for manganese aiter expo-
sure to the metal or alier chlorpromazine.
Itis this very accumulation of the divalent
cations which destabilizes trace clement
homeostatism within the cells. probably
by displacement, and eventually kills
them. We have seen above that manga-
nesc blocks cAMI* formation in post-
synaptic regions, thus interrupting the
chain of neurotransmission. Similarly,
Meiriand Rahamimof({ 1974) have shown
that manganese decreases reversibly the
amount of transmitter liberated presy-
naplically by nerve impulse. All these
phenomena are compatible with the dys-
tonia and abnormal pPostures observed
during the “overload ™ period of manga-
nese intoxication, a period during which

Mn turnover as well as dopamine 1ue-
nover have been found to be more rapid.
A similar mechanism within the dopami-
nergic meso-limbic system could sulfice
to explain the early psychotic episodes
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("locura manganica™). However none of
these direct actions can explain what
occurs in the substantia nigra, nor the
clinical accompaniment of bradykinesia.
Unless major cell damage has been per-
petuated in the striatum and pailidum,
the symploms of dystonia are reversible
with time, after removal from the source
of exposure,

4. Thelesions inthe substantia nigra.
These are the most important for those of
us Lrying to understand idiopathic Par-
kinson’s disease. | would like 10 proposea
new model for their pathogenesis, based
on our undersianding of the role of mela-
nogenesis in the substantia nigra (sce
above). The necessary event isan iricregsed
turnover of dopamine. Once this occurs,
autoxidation of the amine increases and
free radicals are produced in quantity
within cell bodies, eventually overflowing
the capacity of metanin to scavenge them
(binding to render non toxic). The free
radicals then kill the cells. Melanin is
released, phagocytosed and removed from
the scene where gliosis follows. As a con-
sequence, nigro-striatal fibers decrease in
number, less dopamine can be liberated
within the striatum and bradykinesia
appears. The dopamine receptors in the
striatum become supersensitive (denerva-
tion supersensilivity) and react to exo-

'genous inputs of dopamine or agonists

with the production of dyskinesia. Maost
of that sequence was well known; what is
original is the need for an increase in
dopamine turnover as a Irigger event to
this sequence. This increased turnover
has indecd been noted in manganese
intoxication (Shukla and Chandra, 1981,
Lai ef al, 1982), in phenothiazine intoxi-
cation (Barbcau 1968) and in early Par-
kinson'sdiseasc (Barbeau, 1968, Barbeau
and Trombitas, 1969). 1t is important to
stress that this is a rramsient event, always
‘occufting very early in the process. It does
not have to continue throughout the
duration of the illness, once destabiliza-
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tion of the regulaiory homeostarism in
the substantia nigra has taken place. It is
thus veritably a trigger eveny.

5. The site of the trigger process: 1o
increase dopamine turnover, it is neces-
sary to funclionally block the transmis-
sion process at the synapse or to disregu-
late the feedback information mechanism,
This can be accomplished at the post-
synaplic level by interfering with the
receptor sites (Haloperidol acts there), or
the second messenger mechanism (man-
ganese blocks cAMP formation) or at
pre-synaplic sites by blocking release of
the transmitter (manganese). Whenever
such a block occurs, dopamine turnover
will increase in order to overcome the
block. This meansa considerable demand
on the synthetic machinery in the cell
bodies.

In idiopathic Parkinson's disease,
onc does not, of course, know the nature
of the trigger event 10 carly increased
dopantine turnover. It could be the use of
phenothiazines or other neuroleptics to
treat psychiatric disturbances; it could be
hormonal iniluences (like thyroid hor-
mone or estrogens) modifying the reactiv-
ity of the dopamine receptors; it could be
the usc of amphetamines (dopamine
releasers) in reducing diets; it could be
organ-specilic or receptor specific, auto-
immune reactions; it could even be a tran-
sient exposure to larger amounts of a
trace metal like manganese, Asfaraslam
concerned, what ever the rrigger event, it
should act preferentially at synaptic nerve
endings, not at the levei of cell bodies. For
our discussion, this means that the trigger
event acts in the striatum or limbic Sys-
tem, not in the subsiantia nigra itself,

6. The role of genetic predisposi-
tions: There is now growing evidence
{Barbeau and Pourcher, 1982; Roy, Boyer
and Barbcau, 1982) that genetic factors
play an imporiant role in Parkinson's dis-
ease and even in the reaction of individu-
als to neuroleptics. We have also clearly
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identified familial sub-groups of Parkin-
son’sdisease. Such genetic predisposition
could be manifested by anomalies at one
or more of three different levels: 1) at the
Post-synaptic membrane, where an anom-
aly could occur at the structural level
(proteins) or in the biochemical mecha-
nism controlling sccondary transmission
{for example a defect in the adenylate
cyclase mechanism or in phospholipid or
methionine metabolism); 2} in the meta-
bolism of dopamine itself (particularly
the methylating mechanism with forma-
tionof abnormal mcthylated meta bolites);
3)in thesubstantia nigra where dopamine
is produced. In the latter site an anomaly
could occur in the composilion of the
scavenging mechanism in melanin. For
example the binding of manganese to a
specific proteinorasa constituant metal-
loprotein like superoxide dismutase
(Keele, McCord and Fridovich, 1970;
Scruton, 1971: Foradori and Dinamarca,
1972, Weisiger and Fridovich, 1973;
Bonilia, 1977, Vanclia et al, 1982) could
be deficicnt or abnormal, teading 10 cas-
ier escalation of the valency range from
Mn” 1o Mn""* and to more toxicity when
this ion combines with availa ble free rad-
icals, as was proposed by Donaldson and
Graham (sce above), It is interesting that
mitechondrial superoxide dismutase
{w!:ich is a manganese form) was shown
1o increase in concentration with normal
aging (Vanella er al, 1982).

_All these possibilities must be stu-
d:cdl systematically before any firm con-
¢lusion can be drawn, but it is evident that
a genelic susceptibility may exist in some
Paticnts to the production of anincreased
qopaminc turnover, or to the detoxifica-
tion of Loxic substances in the substantia
migra. Once a trigger evenr has initiated
the process, nigro-striatal degeneration
%ill take place and will be a sclf-
petpetualing phenomenon because of the
tver decreasing pool of dopamine-
producting ceils, with 1he eventual clini-
al production of bradykinesia. In this

Fespect, it is interesting to note that in
Tamilial juvenile Parkinsonism where the
disease staris early, a probable congenital
absence of neuromelanin in the substan-
tia nigra has recently been reported
(Narabayashi, 1981).

CONCLUSIONS

1. In this essay we firm review the
important contributions of Dr. George
Cotzias to the understanding of chronic
manganese intoxication and of manga-
nese metabolism in man and animals. We
also indicate the original contribution of
Dr. John Donaldson to the mechanism of
the neurotoxicity of manganese.

2 In a second phase, the author
chalienges the tenet that Parkinson’s dis.
easc is a form of chronic manganese
intoxication and that manganism is an
experimental model for Parkinson's dis-
case. Clinical, pathological, cXperimental
and biochemical evidence are brought to
bear on this argumen.

3. Thirdly, the author proposes that
the necessary event 10 the so-called
“depigmentation” of the substantia nigra
and subsequent bradykinetic *low dopa-
mine” syndrome is an early enhanced
turnover of dopamine, Manganese intox-
ication is only one of the factors which
may serve asa trigger to this event. Many
othcrs are also listed.

4. In oppusition to current views,
who look for casual factors in Parkin-
son’s disease along the pathways for
melanogenesis, the author thus proposes
8 novel hypothesis which envisions a var-
iety of transicnt “trigger lactors™acting at
thedopaminesynapscloincreasedopam-
ine turnover, In turn, this increased syn-
thesis of dopamine favours the produc-
tion of large quantities of free radicals
within the cell bodies in the subsianiia
nigra, eventualiy overflowing the sca-
venging capacity of neuromelanin and
Lheir protective barrier and causing cell
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death. The resulling decreased pool of
dopamine-producing cells leads to a sell-
perpetuating situation of ever increasing
demand on the remaining cells, and “pro-
gression™ of the disease.

5. Finally the author stresses the
fact that genetic [actors may play a rolein
an individual's susceptibility to such
triggers. Again defective manganesc trans-
port, metabolism or binding are only
some of the mechanisms possibly under-
lying such genetic predisposition to in-
duced basal ganglia disorders.

6. Further studies relating 1o man-
ganesc in these disorders and particularly
in Parkinson's disease should focus not
onthe*intoxication™ part of the overload
and its striato-pallidal consequences, but
ontheintimate mechanism of deslabiliza-
tion of the homeoslatic regulator in neu-
romelanin bearing cells, even after the
exposure period.
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tird series of experiments. The aim of
these studies was to discover whether

_manganese offcred promise as a genera-

tor of (ree radicals in some other system
of obvious biological signilicance,
Melanin had been described as indeed
heing rich in free radicals. Hair, selected
on the basis of ils colour, was found 1o
cuntain increasing concentrations of free
radicals with increasing darkness of the
specimens. Melanin was thus studied bio-
chemically. It was shown (Cotzias, Papa-
vasiliou and Miller, 1964) that dark struc-
tures of every individual examined con-
tained much higher concentrations of
manganese than did the whilc ones. In
view of this finding manganese was
assigned to the final, awio-oxidative steps
of melanogenesis and a large serics of
investigations, particularly with Borgand
Van Woert, led to the conclusion that
melanosomes, or specific cytoplasmic
organelles (Polymelanosomes), are to
welanocyles what mitochondria are Lo
non-pigmented cells: both contain large
concentrations of manganese and free
radicals (Prasad, Johnson and Cotzias,
1965: Van Woerl, Nicholson and Cotzias.
1967). .
In primates the grealesl intensity of
pigmentation is in the swbstaniia nigra
{Scherer, 1939). It is well known, of
course, that severc depigmentation occurs
in the substantia nigra, in the locus coeru-
lueus and in the dorsal nucleus of the
vagus in Parkinson’s disease, but it is less

- well recognized thal these areas arc intact

in albinos (Foley and Baxter, 1958). The
cells of the substantia nigra appear 1o be
melanocytes and to contain free radicals
(Borg. 1974). Spectral studics of the pig-
ment of the subsiantia nigra led to a bet-
1er understanding of the biochemistry of
neuromelamin (Yan Woert, 1974; Van
Wocrt and Ambani, 1974). Thus notyros-
inase is present in the substantia nigra.
On the other hand, dopamine is easily
auto-oxidized to form melanin. The
semiquinone (ree radical of melanin can
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act as an electron acceptor. Finally, it was
shown that melanin is also reactive with
several drugs, particularky phenothiazine
compounds. The link between manga-
nese. melanin, and the extrapyramidal
system had now been made, (Cotzias,
1966) and it was permissible to study the
melabolism of this tracc element ina var-
iety of disorders of movement. This would
be the next, and most important, phase of
Dr. Cotzias's work,

The study of miners cxposed lo
chronic manganese overload was the nat-
ural follow-up to these basic obscrva-
tions, particularly since many qf the min-
ers presented with extrapyramidal symp-
toms. This was accomplished with the

cooperation of Chilcan neurologists.

{Cotzias, Borg and Bertinchamps, 1960,
Mena e al, 1967; Cotzias et al, 1968). 11
was shown that chronic manganese poi-
soning differs from Wilson's disease.
Surprisingly tissue burdens of manganese
were found to be higher in “healthy™ min-
ers than in ex-miners removed lrom the
mines because of their extrapyramidal
disease or mental changes (“locura man-
ganica”). Thesc symptoms included
bradykinesia, postural dilficulties, prom-
inent rigidity, some tremor and occasion-
ally signilicant dystonia. Turnover ol
radioactive manganese was significantly
fasterin "healthy” exposed miners thanin
the extrapyramidal patients or than in
control normal subjects. Hair manganese
concentration was only elevated in the
“healthy” exposed miners. Thus these
observations demonstrated that mangs-
nese overload was present only during
exposurc and was not in parallel to tht
presence of cxtrapyramidal symploms. i
is thus nor necessary to mainiain high
tissue levels of manganese 1o have neure
logival disease. This capital, and unex-
pected, finding dilferentiated chronic
mangenese poisoning [rom Wilson’s dis
ease and, as now predicted, chelating
agents were of no value in treatment. Il
was thus necessary to turn to other possi
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ble therapeulic approaches.
Melanocyte-stimulating hormane (8-
MSH)is capable, inintegumental melan-
ocytes, of increasing melanin deposition
{lLetner, Shizume and Bunding, 1954).
This phenomenon is well-knownin [rogs.

. #-MSH can also reverse the elfects of

chlorpromazine (Krivoy and Guillemin,
1961}). For these two reasons, S-MSH
was tried in Parkinsonian patients in an

- elfort to repigment the damaged substan-

tianigra{Cotzias, Van Woert and Schiffer,
1967). Unfortunately the Parkinsonian
state was reversibly aggravated by the
administration of this hormone and this
approach was abandoned.

The L-Dopa Story

At this stage in our story it would be
of interest to abandon Cotzias and his
studies and to turn back a lew years to my
own laboratory to understand the back-
ground for the next important phase ol
the Cotzias saga. As | was completing my
post-graduate studies in Montreal in 1956
and 1957, important developments were
occuring in the understanding of bio-
chemical events within the basal ganglia
ofthe brain. Carlssoneral (1958), Bertler
and Rosengren (1959), as well as Sano
and collaborators {(1959) had demon-
strated the presence of dopamine within
the brain, and particularly within the
basal ganglia. While training in neuro-
logy in Chicago in 1958, 1 had the plea-
sure of listening to Professor Carlsson
lecturing at a meeting in Washington, At
the time, 1 had been siudying catechola-
mine excrelion in various neurological

disorders, and had found abnormalities

in the urine of Parkinsonian paticnts
{Barbeau, 1961). Afier that lecture, |
decided to study the specific excretion of
dopanrine in Parkinson’s disease. In these
preliminary studics, as well as in more
detailed later investigations in Professor
Sourkes' laboratory in 1959 and 1960
{Barbeau, Murphy and Sourkes, 1961)
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we were able to clearly demonstrate a
significantly decrcased urinary excretion

. of dopamine in Parkinson's disease, It is

of interest to note that while § was carry-
ing out these cxperiments, one of my
good friends, also training ai the Univer-
sity of Chicago. was Dr. Melvin Van
Woerl, who was 1o play such an impor-
tant role in the study of melanin in Dr.
Cotzias'laboratory and who, throughout
the years between 1959 and 1967, kept in
touch with me and my DOPA studies.
At the same lime and independently,
Ehringer and Hornykiewicz {1960} re-
posted similar dopamine deficits in the
brain of Parkinsonian patients, particu-
larly in the basal ganglia. It was thus nat-
ural Tor ‘both our groups to altempt
replacement therapy with dopamine, but
this failed because of the blood-brain bar-
rier to dopamine itset{. We then turned to
the natural precursor: L-DOPA. (Bar-
beau, 1961; Birkmayer and Hornykie-
wicz, 1961; Barbeau 1962), either intra-
venously or orally; following the crucial
observations of Carlsson, Lindquist and
Magnusson{1957) who had demonstrated
that L-DOPA could reverse the extrapy-
ramidal symptoms induced by reserpine.
Asis well-known, these early experiments
in Parkinson's disease were successful
and the physiological reversal of rigidity
and akinesia in Parkinson’s disease was
clearly demonstirated. Although two sim-
ilar studies were subsequently negative
{McGeer and Zeldowicz, 1964; Fehling
1966}, by 1968 the bulk of 32 publications
were supportive of these findings (Bar-
beau, 1969). | had the privilege o present
our own resulls with L-IDJOPA in Brook-
haven, in IDr, Cotrzias® department, on
two occasions, in 1963 and 1966, and 1o
discuss with him the therapeutic patential
of this approach, which was then ex-
tremely expensive. By the second vist 1o
Long Island, Dr. Cotzias had just com-
pleted his B-MS 1 studies and was postu-
lating that the hormone was shifting




